Vertebrates live in diverse habitats that range from inland fresh waters to the seas and to dry land. It is indeed surprising that most of the animals including freshwater fish, seawater fish, and even desert dwellers maintain similar ionic composition and osmolarity of their plasma. Even with the similarity, however, the mechanisms regulating body fluid balance differ greatly among animals living in different habitats. The study of body fluid regulation has a long history of research, over 100 years in mammals [1] . The intense
Abstract:
The origin of life took place in the ancient sea where the ionic concentration is thought to have been somewhat lower than that of the present day seas. This may partly explain why most vertebrate species have plasma ionic concentrations roughly one-third of seawater. Exceptions are primitive marine cyclostomes whose plasma is almost identical to seawater, and marine cartilaginous fishes that accumulate urea in plasma to increase osmolarity to a seawater level. The mechanisms for regulation of water and electrolyte balance should have evolved from these animals into those of more advanced ones in which plasma ions are regulated to onethird of seawater irrespective of the habitat. Although most extant terrestrial and aquatic animals maintain similar plasma osmolarity and ionic concentrations, the mechanisms of regulation differ greatly among different groups of animals according to their habitat. An outstanding difference is that while plasma Na ϩ concentration is a primary factor of regulation in terrestrial mammals and birds, blood volume is most strictly regulated in aquatic teleost fishes. Consistently, while an increase in plasma osmolarity (cellular dehydration) is a major dipsogenic stimulus for birds and mammals, hypovolemia (extracellular dehydration) is a much stronger stimulus for elicitation of drinking in teleost fishes. Furthermore, fish cells in culture are tolerant to changes in environmental osmolarity compared with mammalian cells, further suggesting a secondary role of plasma osmolarity as a target of regulation in fishes. A secondary role of blood volume for body fluid regulation in birds is further assessed by the fact that volume receptors for thirst, salt gland secretion, and vasotocin secretion are localized in the extravascular, interstitial space in some species of birds. All terrestrial animals including mammals have derived from the fishes in phylogeny, during which the mechanisms for body fluid regulation underwent adaptive evolution in the course of transition from aquatic to terrestrial life. Therefore, much can be learned from comparative studies of body fluid regulation that reveals the diversity and uniformity of the mechanisms. In this review, important comparative studies that may contribute to an understanding of body fluid regulation throughout vertebrate species will be summarized. [Japanese Journal of Physiology, 50, [171] [172] [173] [174] [175] [176] [177] [178] [179] [180] [181] [182] [183] [184] [185] [186] 2000] 
Comparative Physiology of Body Fluid Regulation in Vertebrates with Special Reference to Thirst Regulation
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Ocean Research Institute, The University of Tokyo, Nakano-ku, Tokyo, 164-8639 Japan interest in mammals may partly be due to the fact that the maintenance of body fluid volume is of utmost importance for terrestrial animals to survive on dry land. Accordingly, the mechanisms for body fluid regulation are ensured in multiple ways, namely, if one mechanism is disrupted, the others replace it. By contrast, aquatic fishes appear to possess less complicated mechanisms for body fluid regulation because of easier access to water. All terrestrial vertebrates have experienced the era of fishes during their phylogenic evolution. This is confirmed ontogenically by the fact that mammalian fetuses possess the gill pouch in a certain period of the intrauterine life and "swim" in the amniotic fluid reminiscent of fishes as theorized by Haeckel as the recapitulation theory. Therefore, it is likely that the retention of some primitive mechanisms may occur for body fluid regulation throughout vertebrate species. It is the comparative study that can extract the uniformity from the diverse mechanisms from diverse animals. Homer W. Smith recognized the importance of comparative study of body fluid regulation more than 60 years ago when he wrote a renowned book entitled "From Fish to Philosopher." In this book, he described the evolution of body fluid regulation in connection with the evolution of kidney morphology [2] . It is apparent that the comparative study reveals new aspects of body fluid regulation that cannot be recognized from studies using only mammals. In this review, therefore, a comparative account of body fluid regulation will be attempted from fish to mammals with special reference to the evolution of the dipsogenic mechanism during the vertebrate phylogeny. The principal aim is to extract a fundamental mechanism that is common to all vertebrate species. However, the author will also attempt to reveal substantial clues for the mechanisms that enable animals to live in a particular habitat such as in a river, in the sea, or on land. Although several extensive review articles have recently dealt with body fluid regulation in mammals [3, 4] , those from a comparative viewpoint do not seem to have been published in the past decade.
Body Fluid Composition in Vertebrates
It is generally accepted that the early vertebrates emerged in fresh water and expanded their habitats to the sea and land during the course of evolution [5] . Even with such a variation of habitats, most vertebrate species maintain an ionic composition of extracellular fluid of almost one-third of seawater with amazing accuracy. The low ion concentrations of body fluids may reflect that of an ancient ocean where the origin of life took place [6] . Life on land is characterized by the constant threat of desiccation. Consequently, terrestrial vertebrates are generally equipped with welldeveloped mechanisms to retain blood volume, i.e., to retain water and ions, particularly Na ϩ and Cl Ϫ ions, in the extracellular fluid (Fig. 1) . In aquatic vertebrates, however, body fluid regulation differs greatly according to the environmental salinity. In fresh water, fishes have to excrete excess water that enters the body through the gill, while they have to retain Na ϩ and Cl Ϫ that are lost from the body surface (Fig. 1) . Conversely, seawater fishes are faced with a need to retain water and excrete excess Na ϩ and Cl
Ϫ
. Therefore, water and ions are regulated in the opposite direction in both freshwater and seawater fishes, while they are always regulated to the same direction in terrestrial animals (Fig. 1 ). More importantly, the direction of the regulation is reversed when fish move from fresh water to the sea or vice versa, as is often encountered by euryhaline migratory fishes such as the eel and salmon. 1 . Schematic drawing showing differences in water and NaCl economy between truly terrestrial animals and fishes. While both water and NaCl are regulated in the same direction (retention) in terrestrial animals, the regulation is in the opposite direction in fishes. Furthermore, the direction is reversed according to the environmental salinity (fresh water or seawater). Broken lines show passive flow, and thick solid lines show active uptake and excretion.
Tetrapods including truly terrestrial mammals, birds, reptiles and semi-aquatic amphibians, have plasma osmotic concentrations approximately onethird of seawater ( Table 1 ). The only exception is a seashore-inhabiting frog, Rana cancrivora, which accumulates urea in plasma to increase plasma osmolarity almost identical to seawater. In fishes, however, the plasma ionic concentrations are diverse (Table 1) . Most bony fishes, either marine or freshwater, maintain their plasma ionic concentrations similar to those of tetrapods [7] . Only coelacanth, a living fish closely related to the original tetrapod stock, accumulates urea and trimethylamine oxide in plasma to increase plasma osmolarity to a seawater level (Table 1) . Marine cartilaginous fishes, notably elasmobranchs such as sharks and rays, also accumulate urea and trimethylamine oxide in plasma to adjust their osmolarity to seawater ( Table 1) . The hagfish, the most primitive extant vertebrate living at the bottom of the sea, is unique in that its plasma ionic concentration is almost identical to seawater, a feature common to marine invertebrates [8] .
In animals with high extracellular fluid osmolarity, their cells have to accumulate some osmolytes in the cytoplasm to counteract shrinkage. However, the increase in intracellular osmolarity with inorganic ions (K ϩ , Na ϩ etc.) or with urea deteriorates the enzymatic activity in the cytoplasm [9] . Although urea is known to easily penetrate the cell and decrease the K m value of many cytoplasmic enzymes, if methylamines coexist with urea at the ratio of 1 : 2, most enzymatic activities are maintained normal. This is in fact the case with marine elasmobranchs and coelacanth and may also be the case in seawater frog, R. cancrivora. In the hagfish, the intracellular osmolarity is increased by neutral amino acids such as alanine and proline, which are shown to scarcely inhibit enzyme activity. The increased concentration of basic amino acids such as lysine and arginine strongly perturb enzymatic activity [9] . In some other species such as the tree frog, Hyla versicola, polyhydric alcohols (mostly glycerol) are used to increase the cytosolic osmotic pressure to counterbalance the increase in plasma osmolarity. Glycerol not only serves as an osmolyte but as an antifreeze substance during hibernation. Collectively, the cells cope with high extracellular fluid osmolarity by accumulating three different groups of small organic solutes, (1) polyhydric alcohols, (2) amino acids or their derivatives, and (3) urea and methylamines [9] [10] [11] .
Evolution of Body Fluid Regulation
Body fluids are divided into two major compartments, extracellular and cellular, the former being further divided into vascular and extravascular (interstitial) compartments. The relative volume of each compartment differs considerably among different species (Table 2 ). There is a tendency that fishes have larger cellular fluid volume relative to extracellular fluid volume compared with the ratio of terrestrial species [12] . In terms of blood volume, cyclostomes have an exceptionally large volume followed by amphibians, birds and cartilaginous fishes (elasmobranchs). In contrast, bony fishes have only small blood volume per body mass although they are known to have extensive secondary vascular space [13] . In accordance with the diverse fluid distribution to each compartment, the regulation of body fluid balance is highly variable among different vertebrate classes. 
Response to dehydration
The response to cellular and extracellular dehydration differs greatly among animals in different classes. However, there is a general tendency that endothermic animals respond to dehydrative stimulus at a much quicker rate than do ectothermic animals. 1) Extracellular dehydration. We previously showed that the speed of restoration of blood volume after hemorrhage was much quicker in the quail than in the eel [14, 15] . In the quail, the restoration of blood volume was so fast that it rebounded above the pre-hemorrhage level within 15 min even though birds are not allowed to drink water after hemorrhage (Fig. 2) . The quick restoration of blood volume may be due to the exudation of interstitial fluid into the vascular space, because plasma Na ϩ concentration did slightly increase after hemorrhage (Fig. 2) . If Na ϩ -deficient cytosolic water exuded into the vascular space, plasma Na ϩ concentration should have decreased after hemorrhage. In contrast, the restoration of blood volume after hemorrhage is very slow in the eel (Fig. 2) . Although significant amounts of water may enter the circulation through the gill after hemorrhage, the influx of low-Na ϩ ambient water may be small because of a slight increase in the plasma Na Among endothermic animals, birds seem to restore blood volume even quicker than do mammals after hemorrhage [16] . This is probably because birds have more facilitated communication between extravascular and vascular space than do mammals. The facilitated communication across the capillary wall is supported by the fact that the dipsogenic effect of intraperitoneal injection of angiotensin II was as effective as intravascular injection in birds [17] , although intraperitoneal injection had only a weak dipsogenic effect in mammals.
2) Unique location of volume receptors in birds. The volume receptor that senses the change in extracellular fluid volume is generally localized inside the circulatory system because manipulation of body fluid balance that occurs naturally such as hemorrhage and water deprivation first influence the circulating blood volume. In mammals, the dipsogenic volume receptor (or stretch receptor) is localized in the low-pressure, venous side of the circulation since minute changes in blood volume do not affect the arterial circulation [18] . In fact, stretch receptors have been identified in the atrium and capacitance vessel of pulmonary circulation. In birds, however, the volume receptors are localized in the extravascular, interstitial space, which is in accordance with a facilitated communication between vascular and extravascular space. To induce hypovolemia, hyperoncotic polyethylene glycol (PG) dissolved in isotonic saline is usually injected intraperitoneally. This intraperitoneal dialysate absorbs surrounding water and decreases circulating blood volume, resulting in elicitation of thirst in selected species of mammals [1] . However, intraperitoneal injection of PG induced only small drinking in the pigeon, and unexpectedly, its intravascular injection induced more vigorous drinking although the latter obviously inhibited drinking in the rat [19] . It was interpreted to suggest that the volume receptor for thirst is located in the extravascular, interstitial space in the pigeon.
The volume receptor for nasal salt gland secretion appears to be located in the extravascular compartment of the duck as well. The secretion of hypertonic NaCl solution from the nasal gland of marine birds is regulated by blood volume as well as plasma osmolarity [20] [21] [22] . Hammel et al. [23] showed that intravascular injection of concentrated protein dissolved in saline inhibited nasal gland secretion in the seawateradapted duck. Since the protein does not enter the extravascular space, the injection causes dehydration of the interstitial space and overhydration of the vascular space. Therefore, if the volume receptor is present in the vascular space, the secretion should have been enhanced. Conversely, overhydration of interstitial space caused by extravascular injection of dextran solutions with high colloid osmotic pressure inhibited salt gland secretion in the duck [20] . Based on these findings, Simon hypothesized that the interstitial fluid volume, but not blood volume, is a principal regulator for nasal salt gland secretion.
Arginine vasotocin secretion is regulated by both plasma osmolarity and blood volume in birds as reported for the vasopressin secretion in mammals [24] . In the duck, Simon-Oppermann et al. [25] showed, using the hemorrhage-reinfusion technique, that vasotocin secretion is regulated by changes in the interstitial fluid volume rather than by blood volume. Taken together, birds are unique in that their volume receptors responsible for various aspects of body fluid regulation are localized in the extravascular side of the extracellular fluid compartment.
3) Cellular dehydration. After intravascular injection of hypertonic NaCl solution into the quail, the injected solutes were diluted immediately by cellular dehydration and/or renal excretion. Consequently, the increase in plasma osmolarity was only transient and rebounded slightly below the pre-injection level 1 h after injection (Fig. 3) , even though no water drinking was allowed after injection [14] . Blood volume increased immediately after injection and stayed high for more than 14 h (Fig. 3) . It seems that plasma Na ϩ concentration is more strictly regulated than blood volume after injection of hypertonic solutions in the quail. The initial increase in blood volume may be due to the exudation of cellular water because only a small increase was observed in plasma Na ϩ concentration even after such a large NaCl loading. The increase in plasma Na ϩ concentration continued for more than 14 h after injection of hypertonic NaCl solution in the eel (Fig. 3) . The enhanced influx of water across the gill epithelia may be small after injection, since the increase in plasma Na ϩ concentration continued for a much longer time in the eel than in the quail. In another ectothermic species, Iguana iguana, the increase in plasma osmolarity also continued for a long time after the injection of hypertonic solutions [26] . Therefore, the quick restoration of plasma osmolarity after osmotic stimulus is not characteristic to the terrestrial species but probably to endothermic species such as birds and mammals.
4) Absolute dehydration. Dehydration of both cellular and extracellular compartments (absolute dehydration) is inducible in terrestrial animals by water deprivation [1] . When dogs are deprived of water, plasma Na ϩ concentration or osmolarity is largely maintained constant at the expense of blood volume [27] . This initial maintenance of plasma Na ϩ concentration may be important for the protection of neuronal activity. However, if the deprivation lasts longer, plasma Na ϩ concentration starts to increase while the decrease in blood volume is blunted. This may reflect cardiac protection against increased blood viscosity. Similar phenomena are observed in birds. When quail were deprived of water, the plasma Na ϩ concentration did not change for 4 h, and then increased linearly thereafter (Fig. 4) . In contrast, blood volume started to decrease soon after the onset of water deprivation (Fig. 4) . The decrease continued linearly for 7 h and became smaller thereafter. Interestingly, when birds were allowed to drink water after 48 h water deprivation, plasma Na ϩ concentration returned to below the pre-deprivation level in 15 min. However, blood volume was restored only partially probably because of urinary excretion of the water drunk. It is likely that the plasma level of antidiuretic hormone (vasotocin) was suppressed by transient hyponatremia after excess drinking (Fig. 4) . Therefore, plasma Na ϩ concentration appears to be a primary factor of regulation during rehydration in the quail.
Absolute dehydration can be induced in fishes by transferring them from hypotonic to hypertonic media. When freshwater eels were transferred to seawater, plasma Na + concentration increased soon after the transfer (Fig. 5) . However, blood volume did not change significantly as assessed by changes in hematocrit (Fig. 5) . Therefore, blood volume appears to be more strictly maintained than plasma osmolarity in the eel, which contrasts to the results in mammals and birds (Fig. 4) . If eels were not allowed to drink after seawater transfer, they suffered from severe cellular and extracellular dehydration as evidenced by increases in plasma Na + concentration and hematocrit (Fig. 5) . However, the increase in plasma Na ϩ concentration was apparently larger than that of hematocrit. This result also supports the idea that the regulation of blood volume is primary in fishes. Furthermore, it is surprising that the eel can tolerate the increase in plasma Na ϩ concentration by 80% at 4 d after transfer despite mammals and birds not being able to survive such a large increase (Fig. 4) . In fact, fish cells in culture grow well in media with 500 mosmol/l; that is ca. 80% higher than plasma osmolarity [28, 29] . This excellent ability of fish cells may permit the survival of an initial large increase in plasma osmolarity during the course of seawater adaptation (Fig. 5) .
Thirst mechanisms
In truly terrestrial mammals, birds and reptiles, oral intake is the sole means to ingest water and Na ϩ from the environment, so thirst and sodium appetite are ensured by multiple mechanisms [4] . Sodium appetite is Japanese Journal of Physiology Vol. 50 Modified from [14, 15] . important for body fluid regulation in herbivorous and granivorous animals whose diets contain little Na ϩ [30] ; however, this appetite will be dealt with only briefly in this review. In aquatic animals, fish in fresh water scarcely drink surrounding water because they are on the edge of overhydration due to the osmotic influx of water through the gill. However, fish drink copiously in seawater to compensate for water lost osmotically through the gill [31] . Thus, drinking is the sole route for water acquisition from the environment in seawater fish as in terrestrial animals. In fact, when euryhaline eels that can survive in media of varying salinity are transferred from fresh water to seawater, they start drinking immediately in response to the Cl Ϫ ions in seawater [32] . If the esophagus is occluded to prevent drunk water from entering the intestine, the eel would die in 5 d because of severe hypovolemia and hypernatremia (Fig. 5) [33] . This result clearly shows that drinking, and subsequent absorption of water by the intestine, is essential for fish to survive in hypertonic environments.
Thirst is induced principally by three stimuli, i.e., cellular dehydration, extracellular dehydration and angiotensin II (Fig. 6) . Only atrial natriuretic peptide (ANP) is known thus far as a physiological antidipsogenic agent. The relative importance of these stimuli varies among different classes of vertebrates or among species in different habitats. Thirst motivates oral drinking behavior in terrestrial animals, but it induces cutaneous drinking behavior in amphibians [34] . Angiotensin II is more intimately related to extracellular dehydration because hypovolemia invariably stimulates renin secretion in all of the species examined, while an increase in plasma osmolarity generally inhibits renin secretion in most species examined [35] . ANP secretion is dependent on blood volume rather than plasma osmolarity in mammals, but plasma osmolarity is a more powerful stimulus for ANP secretion in the eel [36] .
1) Angiotensin II. Angiotensin II is a potent dipsogenic hormone in all vertebrate species examined to date, from fish to mammals, except in amphibians that normally do not drink orally but absorb water cutaneously [37] . Among responded animals, however, the dipsogenic potency varies greatly depending on the necessity of drinking in their natural habitat [17, 38] . For instance, carnivorous species that can ingest sufficient water only from food (meat), and those which live in the arid region and scarcely drink water in their natural habitats, did not drink in response to angiotensin II or demanded huge doses to start drinking. In fish, euryhaline species that migrate between fresh water and seawater drank in response to angiotensin II, but the hormone was ineffective in stenohaline species that are confined in either fresh water or seawater. While initiation and termination of drinking occur naturally in euryhaline fish during the course of migration between the river and the sea, stenohaline fish do not have to regulate drinking as far as they stay in either media; they scarcely drink in fresh water and constantly drink in seawater. Since Evolution of Body Fluid Regulation surrounding water enters the esophagus simply by relaxing the esophageal sphincter in fish, the stenohaline marine fish do not appear to drink consciously by regulating the sphincter. Therefore, the dipsogenic effect of angiotensin II is closely related to the necessity for regulation of drinking in their natural habitat. Based on these results, Kobayashi hypothesized that the dipsogenic effect of angiotensin II has evolved according to the ecological conditions that necessitate the animal to initiate drinking [35] .
The site of action of angiotensin II also has undergone adaptive evolution according to the habitat of animals. In terrestrial mammals and birds, bloodborne angiotensin II acts on the restricted loci in the forebrain to induce thirst (Fig. 7) because lesioning of a tiny circumventricular structure, the subfornical organ, abolished drinking induced by intravenous injection of angiotensin II [39, 40] . In the eel, however, "decerebration" that removed the whole forebrain and most of the midbrain and left only the medulla oblongata intact, did not suppress drinking in response to intra-arterial injection of angiotensin II [41] . Therefore, it is likely that angiotensin II may act on the swallowing center in the medulla oblongata to induce drinking in the eel (Fig. 7) . The cerebral localization of angiotensin II receptors is supported by the fact that angiotensin II injected into the cerebral ventricle was much more potent than intra-arterial injection for the dipsogenic action in the eel [36] .
Since fish live in water, they can drink the surrounding water only by reflex swallowing without thirst. Therefore, it seems that angiotensin II receptors are present only in the swallowing center that may be located in the medulla oblongata in fish (Fig. 7) . However, terrestrial animals have to feel thirsty to motivate a subsequent series of drinking behaviors for water ingestion, i.e., searching for water, taking it in the mouth, and swallowing. Therefore, angiotensin II receptors may have appeared as thirst-inducing receptors in the forebrain of terrestrial animals during their ecological evolution to land. It seems that angiotensin II receptors are still present in the medulla oblongata of terrestrial animals since it induced swallowing in the cat when injected topically into the site, although cats can only swallow air on land [42] . A possibility still remains that angiotensin II also induces a sensation of thirst in the eel (Fig. 7) . The reason why "decerebrated" eels still responded to angiotensin II is because even if dipsogenic receptors in the forebrain are removed, they can drink only by reflex swallowing as long as the medulla oblongata is intact. It is also possible that angiotensin II stimulates water and Na ϩ uptake by the gill (Fig. 7) , because angiotensin II receptors are demonstrated in the chloride cells of eel gills [43] .
It is known that semi-aquatic amphibians do not drink water by the mouth but absorb it by the ventral skin [44] . In fact, oral drinking was not demonstrated in the frog, Rana brevipoda, after various dipsogenic challenges such as angiotensin II, NaCl loading, and hemorrhage [45] . Instead of oral drinking, angiotensin II is shown to stimulate the absorption of water and Na ϩ by the skin and urinary bladder of the toad, Bufo arenarum [46] . Therefore, angiotensin II receptors in the skin of amphibians seem to be newly developed evolutionarily for regulation of water ingestion from the environment (Fig. 7) . Furthermore, angiotensin II seems to induce a sensation of thirst in amphibians. Hillyard and his colleagues [34, 47] showed that angiotensin II stimulates water drive in the terrestrial toad, Bufo punctatus; it then induces hind limb abduction to bring a specialized portion of the ventral skin to a moist surface, the so-called "cutaneous drinking behavior." Therefore, it seems that angiotensin II in-Japanese Journal of Physiology Vol. 50 duces thirst in all tetrapod species although the route of water ingestion, oral or cutaneous, differs among species of different habitats (Fig. 7) . The dipsogenic receptors in the brain of amphibians have not yet been identified.
Angiotensin II induces sodium appetite in sheep and rats, which receive little sodium from their food [4] . When angiotensin II was injected into the cerebral ventricle of the rat, it drank significant amounts of an aversive saline solution (2.7% NaCl) in addition to tap water, whereas it drank only tap water when thirst was induced by intracerebral injection of acetylcholine [48] . Angiotensin II also increased the ingestion of hypertonic saline solution (3% NaCl) in the pigeon; the effect was synergistic with aldosterone, although another dipsogenic substance, eledoisin, induced no salt intake [49] . In amphibians, angiotensin II increased NaCl absorption across the skin and urinary bladder [46] . In seawater-adapted eels, angiotensin II enhanced drinking of surrounding seawater [41] ; however, it is not known whether seawater drinking is induced by thirst or sodium appetite.
2) Cellular dehydration. Cellular dehydration caused by intravascular or intracerebral injection of hypertonic NaCl solution induces vigorous drinking in mammals [1] . The drinking is ascribed to shrinkage of osmosensitive cells in the lateral hypothalamus that is triggered by only 1% shrinkage. Osmoreceptors that affect water intake are also localized in the hepatic circulation of the rat [50] . An osmotic stimulus is also potently dipsogenic in birds; intravenous injection of a hypertonic NaCl solution that only mildly increased extracellular fluid osmolarity induced copious drinking in the pigeon and quail [51, 52] . Plasma angiotensin II decreased and blood volume increased after NaCl injection in the rat and quail; since both of these effects are inhibitory for dipsogenesis, drinking may be caused solely by cellular dehydration (Table 3) . Injection of hypertonic NaCl solution also stimulated drinking in a reptile, Iguana iguana [26] . In contrast to the rapid response in mammals and birds, however, induced drinking occurred more than 1 h after injection.
As mentioned above, an intravenous injection of hypertonic NaCl solution did not induce drinking in the frog with an esophageal fistula [45] . However, as soon as ambient water was replaced by seawater, the frog began drinking the surrounding seawater. Therefore, frogs seem to retain the dipsogenic response to external osmolytes, probably Cl Ϫ ions, as demonstrated in the eel [32] . Although an increase in plasma osmolarity did not induce oral drinking in the frog, cutaneous uptake of water and Na ϩ should have increased after osmotic stimulus because of increased plasma vasotocin concentration as demonstrated in the frog [44] .
It is of interest to note that the injection of hypertonic NaCl solution inhibited drinking in freshwater eels [53] . Since fish blood directly contacts environmental water via the monolayer respiratory epithelium, the increase in plasma osmolarity may increase osmotic influx of water across the epithelia in fresh water, and the resultant hypervolemia may suppress drinking [32] . In order to decrease the osmotic influx of water across the gills, seawater-adapted eels were used for the injection of hypertonic NaCl solution. The injection also inhibited drinking in seawater eels; however, loaded NaCl disappeared quickly via welldeveloped chloride cells in the gills. To give a more long-lasting osmotic stimulus, hypertonic NaCl solution was injected into freshwater eels exposed to seawater 15 min prior to injection. While the osmotic stimulus continued longer, drinking was more strongly inhibited in these eels [53] . In addition, plasma angiotensin II concentration unexpectedly increased after the injection of hypertonic NaCl in eels (Table 3) . This is opposite to the data of mammals and birds, in which NaCl loading strongly inhibits renin secretion and subsequent angiotensin II synthesis [35] . Therefore, drinking was inhibited in the eel after Evolution of Body Fluid Regulation osmotic stimulus despite concomitant increases in plasma angiotensin II concentration. Since drinking occurs in the eel immediately after exposure to seawater in response to external Cl Ϫ ions [32] , and since this occurs before plasma osmolarity increases, the eel obviously possesses a mechanism to start drinking in seawater without increases in internal osmotic pressure. The external mechanism is now named the "chloride response," in which Cl Ϫ ions may be sensed by the receptors in the buccal region. Since it is generally accepted that primitive fish first evolved in fresh water and invaded the sea or land [5] , it is possible that the dipsogenic mechanism activated by the internal osmotic stimulus has evolved only in terrestrial animals and is absent in seawater fish, since fish, when they invaded the seas, acquired a mechanism to start drinking in response to external Cl Ϫ ions. 3) Extracellular dehydration. Blood volume is an important determinant for the regulation of drinking. It has long been thought that the volume (stretch) receptor in the venous circulation, particularly in the atrium, senses a decrease in blood volume and attenuates the tonic inhibitory signal to the thirst center in the hypothalamus, resulting in augmentation of drinking [1] . In fact, severe hemorrhage always accompanies strong thirst in mammals (Table 3) . Nicolaidis et al. [54] suggested that the circumventricular organs, vascular organs localized in the vicinity of brain ventricular wall, serve not only as target sites of angiotensin II but as volume receptors signaling thirst to the brain parenchyma. Furthermore, thirst induced by hypovolemia is closely related to plasma angiotensin II, since renin is consistently secreted in response to hypovolemia (Table 3) , and since inhibitors of the renin-angiotensin system cause significant inhibition in hypovolemia-induced drinking in all animals examined [35] . Compared with the copious drinking caused by cellular dehydration, however, only moderate drinking is inducible by extracellular dehydration in mammals [1] .
In birds and reptiles, only weak and delayed drinking was induced after hypovolemic challenges [26, 51, 55] . In the quail, hypovolemic stimulus increased plasma angiotensin II concentration (Table 3) , and the inhibition of angiotensin II formation by SQ14225 inhibited hemorrhage-induced drinking. Hemorrhage did not induce oral drinking in the frog [45] , but increased plasma angiotensin II and vasotocin after hemorrhage may induce cutaneous drinking behavior [34] and increase cutaneous uptake of water and Na ϩ [44] .
In contrast to the weak dipsogenic activity of extracellular dehydration in mammals and birds, it is a potent dipsogenic stimulus in fish (Table 3 ). In fact, copious drinking was induced by mild hemorrhage in the eel [32] , which is in sharp contrast to the inhibition of drinking by osmotic stimulus [53] . Plasma angiotensin II concentration increased after hemorrhage in the eel (Table 3) , and SQ14225 completely inhibited hemorrhage-induced drinking [35] . However, more recent data show that the effect of SQ14225 is not due to the inhibition of the renin-angiotensin system but to the activation of the kallikrein-kinin system; SQ14225 inhibited drinking of seawater eels but immuno-neutralization of plasma angiotensin II failed to suppress it [56] . Furthermore, homologous bradykinin, which most probably increased in plasma after SQ14225, potently inhibited copious drinking of seawater eels (Takei Y, Tsuchida T, Li Z, and Conlon JM, unpublished data).
4) Absolute dehydration. Drinking is induced by water deprivation that causes dehydration of both cellular and extracellular compartments of body fluids in terrestrial animals [1] . Water intake increases according to the period of water deprivation. In the quail, the actual water intake was always more than the volume to restore the decrease in blood volume, and more than the volume to dilute the increase in plasma osmolarity to normal (Fig. 8) . Furthermore, the actual intake was even more than the volume for restoring the decrease in body weight to normal after less than 24 h of water deprivation. This is a sort of rebound phenomenon observed in the body fluid regulation in the quail (Fig. 2) . Plasma angiotensin II concentration increased in proportion to the period of water deprivation, and blockage of the renin-Japanese Journal of Physiology Vol. 50 angiotensin system reduced deprivation-induced drinking in the quail [52, 55] . Therefore, drinking in response to water deprivation is caused by concerted actions of cellular dehydration, extracellular dehydration and angiotensin II (Fig. 6) .
It is obvious that fish suffer from severe cellular dehydration and mild extracellular dehydration for 1 or 2 d after transfer to seawater (Fig. 5) . On the transfer of eels from fresh water to seawater, they started drinking reflexively within 1 min in response to Cl Ϫ ions in the seawater [31] . This burst of drinking ceased in a few minutes followed by constant copious drinking typically observed in seawater fish (Fig. 9) . Neither cellular compartment nor extracellular compartment was dehydrated 1 min after the seawater transfer, so the Cl Ϫ response may be a kind of anticipatory drinking [1] . In a few hours after seawater transfer, hypernatremia and hypovolemia occur (Fig.  5 ) and plasma angiotensin II concentration increases [57] , which may be responsible in part for the elicitation of drinking during that period. However, eels kept drinking at a high rate after adaptation to seawater (usually more than a week after transfer) by which time the blood volume and plasma angiotensin II concentration have returned to the freshwater level. However, the plasma Na + concentration of seawateradapted eels is higher than that of freshwater eels. Therefore, chronic high plasma osmolarity may be a candidate for copious drinking of seawater-adapted eels. As mentioned above, an acute osmotic stimulus inhibited drinking in the eel [53] . However, this inhibition may be due to the transiently increased plasma ANP concentration after acute stimulus [58] ; plasma ANP concentration did not differ between freshwater and seawater-adapted eels [59] .
5) Relative potency of dipsogenic stimuli in different animals. Among three major dipsogenic stimuli, it is obvious that osmotic stimulus is much more potent than volemic stimulus in birds and mammals (Table 4) . However, volemic stimulus predominates over osmotic stimulus for the elicitation of drinking in the eel, the latter being paradoxically antidipsogenic when given acutely (Table 4) . It has not yet been examined whether acute osmotic stimulus inhibits drinking in other fish species. This difference between tetrapods (birds and mammals) and eels is consistent with the fact that plasma osmotic pressure is a primary factor for body fluid regulation in mammals and birds, while blood volume is primarily regulated in fish as mentioned above (Table 3 ). The rigid regulation of plasma osmolarity in mammals may be explained in part by the vulnerability of mammalian cells to changes in environmental osmolarity [29] . In contrast, fish cells are known to tolerate profound changes in ambient osmolarity [60] . 6) Interaction of angiotensin II and ANP. ANP is a cardiac hormone that is secreted in response to an increase in blood volume and exerts a spectrum of actions to decrease blood volume [61] . The volume-depleting effect of ANP is achieved by the inhibition of water and Na ϩ intake and stimulation of water and Na ϩ excretion. Concerning intake, ANP inhibits thirst and sodium appetite by direct actions on the brain or by indirect actions through inhibition of the renin-angiotensin system and aldosterone secretion [62] [63] [64] [65] [66] [67] [68] . The site of action of ANP in the rat appears to be the subfornical organ [69] . Inhibition is particularly apparent when ANP antagonizes the dipsogenic action of angiotensin II [70] . Furthermore, ANP inhibits intestinal water and Na ϩ absorption, thereby further inhibiting the uptake of water and Na ϩ . In mammals, however, the antidipsogenic effect of ANP is less potent than the dipsogenic effect of angiotensin II on an equivalent dosage basis [71] . Angiotensin II and ANP are fast-acting and shortlasting hormones that are released immediately after changes in water and Na + balance and disappear quickly from the circulation. The two hormones antagonize every aspect of water and Na ϩ regulation in mammals (Fig. 10) . While angiotensin II induces thirst and sodium appetite and subsequent absorption of water and Na ϩ by the intestine, it inhibits renal excretion of water and Na ϩ through glomerular and tubular actions. Furthermore, angiotensin II stimulates vasopressin and aldosterone secretion to further retain water and Na ϩ in the body. In contrast, ANP invariably acts on each regulatory site in the opposite direction to decrease water and Na ϩ from the body. Therefore, angiotensin II and ANP are recognized as functional antagonists that are responsible for the initial stage of body fluid regulation in mammals.
In non-mammalian tetrapods, ANP has been identified in amphibians but not in birds and reptiles [36] . In contrast to the report in mammals, human ANP was dipsogenic in the quail [72] . This effect was not mediated by hypovolemia caused by the diuretic effect reported in the chicken [73] . Chicken BNP stimulated NaCl secretion by the nasal salt gland in the duck [74] . In semi-aquatic amphibians, homologous ANP inhibited vasotocin-stimulated short-circuit current in the skin of bullfrog, demonstrating the inhibition of cutaneous water and Na ϩ uptake [75] . However, this effect was small, and high doses of ANP were necessary to produce consistent effects.
In fish, ANP appears to be an important hormone for seawater adaptation [36] . The major stimulus for ANP secretion in the eel is an increase in plasma osmolarity rather than an increase in blood volume [58] . Generally, ANP effects are consistent in inhibiting the gain and stimulating the loss of Na ϩ , but not of water (Fig. 11) . For instance, ANP decreased urine volume and increased urine Na ϩ concentration when infused into seawater eels at non-vasodepressor doses [76] . Since angiotensin II was antidiuretic and antinatriuretic in the trout [77] , ANP and angiotensin II are not antagonistic in their actions on water economy by the kidney (Fig. 10 ). More surprisingly, plasma Na ϩ concentration decreased during ANP infusion in seawater eels, which cannot be accounted for by the weak natriuretic effect [76] . It is now known that the hyponatremic effect was mediated by a direct action of ANP on the gill to stimulate Na ϩ ,K ϩ -ATPase activity [78] . This enzyme is concentrated in the chloride cells that are responsible for the excretion of excess NaCl, thereby promoting seawater adaptation in fishes [79] . Furthermore, ANP stimulated cortisol secretion in seawater eels [80] . Since cortisol replaces aldosterone in teleost fish and acts as a mineralocorticoid to stimulate the expression of Na ϩ ,K ϩ -ATPase [79] , ANP seems to be a primary hormone to initiate a series of events that promote seawater adaptation in eels [36] . Since angiotensin II also stimulates cortisol secretion in fish [35] , angiotensin II and ANP are not always antagonistic in fish as observed in the renal effect.
With respect to the regulation of drinking, ANP is a potent antidipsogen in mammals [64] . However, the antidipsogenic effect of ANP is much less potent than the dipsogenic effect of angiotensin II. Furthermore, angiotensin II induced drinking in normally hydrated rats [1] , but ANP inhibited drinking only in animals whose drinking had been stimulated by other dipsogenic stimuli. In contrast to the weak effect in mammals, ANP is a potent antidipsogen in the eel (Fig. 9) ; drinking was inhibited by physiological, non-depressor doses of ANP in both freshwater and seawater eels Vasopressin and aldosterone are, respectively, major water and sodium retaining hormones in mammals. Fig. 11 . Effects of angiotensin II and atrial natriuretic peptide (ANP) on major osmoregulatory sites that are responsible for water and NaCl economy in teleost fishes. The effects of ANP on NaCl uptake by the gill and on cortisol (mineralocorticoid of fish) secretion are demonstrated only in seawater fish. With respect to the renal action, it is not determined whether the hormones act on the glomeruli or tubules.
